Commercial License (CC-BY NC 4.0), which permits unrestricted use, distribution, and reproduction in any medium for noncommercial purposes only, provided the original work is properly cited and its authors credited. [NP]) with indices from bird point counts (Bird Abundance, Bird Richness, Bird Diversity and Bird Evenness), and discuss the utility of acoustic indices as indicators for biodiversity monitoring in tropical forests. ADI, ACI, BIO and TE presented a similar temporal pattern peaking between 5 am and 6 am; and an additional peak at 5 pm, except for ACI. These patterns were consistent with the daily biological rhythms. AEI, ACI, BIO and Bird Abundance were related to characteristics of younger forests (lower percentage of canopy cover) but NP, ADI, TE, Bird Diversity and Bird Evenness were related to characteristics of older forests (higher percentage of canopy cover and a lower number of patches). ACI was positively correlated to Bird Abundance and NP was positively correlated to Bird Diversity. ACI reflects biological activity, but not necessarily a more diverse bird community in this study area. This might be an indication of a strong acoustic competition, or several highly dominant bird species in younger forests. Furthermore, acoustic communities in tropical forests commonly include insects (cicadas) and frogs, which might affect resulting acoustic indices. A variety of methods are probably needed to thoroughly assess biodiversity. However, a combination of indices such as ACI and NP might be considered to monitor trends in abundance and diversity of birds in dry forests.
Introduction
Standardized and long-term methods for monitoring biodiversity are important and necessary to assess species response to global change and effectiveness of conservation efforts (Klingbeil and Willig, 2015) . One of the major challenges in conservation ecology and biology, however, is assessment of biodiversity through effective monitoring techniques that span wide spatial and temporal scales (Depraetere et al., 2012) . These monitoring programs including observing, locating, classifying and counting animals on a site are critical to: a) understand the state and trends of biodiversity, b) identify vulnerable and endangered species, c) assess the impact of human activity on ecosystems, and d) track invasive species and parasites, among others (Lee et al., 2008; Marsh and Trenham, 2008) . However, they have a limited space-time scale and require considerable human and logistical resources.
Interpretation of sounds has been traditionally used to monitor vocalizing organisms. Conservation biology research has used recordings of wildlife vocalizations because they are efficient at confirming species presence, especially in environments with reduced visibility, such as tropical forests, aquatic systems and for studying nocturnal species (Farnsworth and Russell, 2007; Mennill and Vehrencamp, 2008; Bardeli et al., 2010; Odom and Mennill, 2010; Cugler et al., 2011) . The acoustic information contained in these recordings can provide information on the ecology of vocalizing organisms and their habitats, including their diversity and abundance, as well as phenological events such as seasonal arrivals, breeding periods, and reproductive behavior (Gage et al., 2015) .
Advances in acoustic sensor networks have allowed expansion of collection of acoustic signals in natural areas on a large scale and in an automated way (Porter et al., 2005; Aide et al., 2013; Ospina et al., 2013) . Through the systematic and synchronous collection of acoustic data in multiple locations, combined with auxiliary data of light, temperature and humidity, a large volume of valuable ecological information has been produced (Gage et al., 2015) . This promising acoustic tool provides the capacity to extend the spatio-temporal scale of biological sampling and to perform analyses of large volumes of information (Armitage and Ober, 2010; Bardeli et al., 2010; Caycedo-Rosales et al., 2013) .
The acoustic data of an animal community are generally analyzed using three approaches: a) species auditory identification in recordings by an expert, b) species identification using automatic recognition on recordings, and c) development of global acoustic measurements without need for species identification (Gasc et al., 2013a; Sueur et al., 2014) . The auditory identification of vocalizing individuals requires a high level of proficiency and can be performed only by experts (Dickinson et al., 2010) or by automated classification processes (Acevedo et al., 2009; Han et al., 2011) . Both approaches are difficult to apply due to overlap of vocalizations observed in diverse acoustic communities (Gasc et al., 2013a) .
Massive acoustic data need to be handled and analyzed with efficient acoustic tools (Sueur et al., 2014) . Ecological research has traditionally used indices that describe with a single value the ecological complexity at the scale of community or landscape (Mason et al., 2008) . The requirement for acoustic tools has led to the concomitant development of ecological indices based on acoustic data that can be used for biodiversity assessments, community dynamics research and landscape patterns (Sueur et al., 2014) .
In spite of the variety of acoustic indices, only a few studies have assessed their efficacy (Mammides et al., 2017) . Some of them have focused on simulated communities; for example Depraetere et al. (2012) reported an increase in the Entropy Index based on recorded frequencies with the number of species, and Sueur et al. (2008b) found an inverse correlation between an Index of Dissimilarity based on variations of frequencies collected and the number of species shared between two simulated communities. According to Gasc et al. (2013a) , community-wide acoustic diversity indices revealed phylogenetic diversity and functional species diversity in a theoretical study of birds.
Other studies have compared acoustic indices with species diversity indices obtained by manually or automatically inspecting field recordings. Farina et al. (2011) and Pieretti et al. (2011) showed the capacity of the Acoustic Complexity Index (ACI) to describe the complexity of bird soundscapes in northern Italy. Depraetere et al. (2012) found the Acoustic Richness index retrieved expected bird richness values in a temperate French forest. Besides, Towsey et al. (2014) found that acoustic indices such as temporal entropy (Ht), Spectral Entropy (Hs) and ACI were useful indicators of bioacoustic activity in general, mainly species diversity, in an Australian bush land. Furthermore, Machado et al. (2017) found that the Acoustic Diversity Index (ADI) was significantly correlated to the number of bird species in the savannas from Central Brazil.
However, validation of acoustic indices exists mostly in temperate ecosystems. Because tropical environments contain higher levels of diversity (Rodrigues et al., 2014; Pieretti et al., 2015) , their validation is essential in tropical environments (Trigg, 2015) . In addition, studies to date have focused on acoustic and species diversity indices obtained from recordings, but comparison with ecological data taken by traditional wildlife methods is not yet readily available. In southern China, Mammides et al. (2017) assessed performance of several acoustic indices by measuring its correlation to bird species richness and diversity estimated using point-count surveys. These authors found that although no index showed a very strong correlation with species richness or diversity, three indices (the acoustic entropy, acoustic diversity and acoustic evenness indices) performed consistently better, showing moderate correlations.
According to Sueur et al. (2014) , acoustic indices estimating within-group diversity can be divided into three categories, depending on what they measure, either sound energy, level of complexity in terms of time, frequency and/or amplitude, or the proportion of different components of a soundscape. These authors postulated that "complexity indices" are based on the assumption that the acoustic output of a community or a landscape will increase in complexity with the number of singing individuals and species. Consequently, an index that captures the heterogeneity of sounds should then give a proxy of animal acoustic activity. Based on this assumption, the objective of in this article was to compare acoustic indices with indices derived from bird point counts and discuss the utility of acoustic indices as an alternative strategy to monitor biodiversity in tropical forests. We specifically hypothesized that indices measuring acoustic diversity, heterogeneity or complexity should reflect bird diversity assessed by traditional point count surveys. Furthermore, we expected higher acoustic diversity, heterogeneity or complexity, as well as higher bird diversity in older and more preserved forests, which would result in noticeable spatial patterns in the study area. In addition, we expected temporal patterns in acoustic and diversity indices, with biological activity peaks at dawn and dusk.
Study area
The study was conducted in the Santa Rosa National Park (SRNP), Guanacaste Conservation Area from Costa Rica (Figure 1 ). The park is located southwest of the Santa Elena Peninsula, in the NorthPacific region of Costa Rica (10°53N, 85°46W) and includes terrestrial and marine-coastal ecosystems. It encompasses 850.65 km 2 ; of which 463.91 km 2 corresponds to protected marine areas (Salas et al., 2012) .
The SRNP is located within the North Pacific Climate Region, specifically in the central subregion, in the Guanacaste plain. In this subregion severity of the climate prevails with prolonged dry periods. It belongs to the Pacific precipitation regime, characterized by the presence of two well-defined periods, i.e., dry and rainy. The annual rainfall regime is denominated drought with a precipitation between 1,100 and 1,500 mm (Solano and Villalobos, 2001) .
The region has a dry season of five to seven months, usually from December to mid-May. During the rainy season (mid-May to November) precipitation can vary between 800 and 2,800 mm with an annual average of 1,500 mm. An "Indian summer" or dry spell occurs during the rainy season of up to six weeks between July and August (Janzen, 2004) . The temperature varies between 26 and 36°C during the day and 18 to 22°C at night. Strong winds come from the northeast during the first half of the dry season (Janzen, 2004) .
According to the Holdridge life zone system, SRNP presents Pre-montane Wet Forest and Tropical Dry Forest (Bolaños et al., 2005) . Most plant species are deciduous with short, coarse, and slightly dense shafts, as well as a few epiphytes (Solano and Villalobos, 2001 ). The understory is relatively open, especially during the dry season, when most shrubs lose their leaves (Graham et al., 2016) .
The SRNP dry forest is floristically more diverse compared to the dry tropical forest of other wild protected areas in Central America (Gillespie et al., 2000) . It includes secondary forest in different regeneration states and mature forest older than 50 years with a canopy of 30 m of height in sites unaffected by the agriculture. At least 159 woody species have been reported in the SRNP. In addition, it is considered a mosaic since it includes other types of vegetation such as grasslands and dry oak forest communities (Kalacska et al., 2004; Powers et al., 2009; Carvajal-Vanegas and Calvo-Alvarado, 2013) . Dominant bird species of the dry forest include: Chiroxiphia linearis, Pachyramphus aglaiae, Thamnophilus doliatus, Thryophilus pleurostictus, among others. These species are characterized by emitting loud vocalizations and calls at different times of the day (Stiles and Skutch, 2007) .
Tropical dry forest is a globally threatened ecosystem and is considered a high priority for conservation (Miles et al., 2006) . In the province of Guanacaste, tropical dry forest restoration processes have been taken place since the 1980s, a as result of multiple socioeconomic factors and conservation policies (Calvo-Alvarado et al., 2009 ). The Guanacaste Conservation Area has contributed to tropical dry forest protection through regeneration of areas historically dedicated to extensive livestock and exposed to burning and cutting processes (Janzen, 2000) . This study area was chosen because it contains representative samples of the most fragile forests in the country and potentially threatened by the negative impacts of climate change, and therefore requires long-term monitoring programs for their effective conservation.
Materials and methods
Characterization of the study area and sampling sites
We surveyed 12 sampling sites in SRNP between June and November of 2015; this time period corresponded to the wet climatic season (Figure 1 ). Each sampling site consisted of a 1,000 m transect; transects were located 500 m apart from each other. To characterize the landscape, we used a buffer area of 500 m around the central location of each sampling site. In this area, the following landscape metrics were calculated using the Patch Analyst extension (Rempel et al., 2012) for ArcGIS (ESRI, 2016): Shannon Diversity Index (SDI), Number of Patches (NumP), Mean Patch Edge (MPE), Mean Patch Size (MPS) and Mean Perimeter/Area Ratio (MPAR). In addition, we performed a spatial trend analysis and interpolation procedures with each landscape index using the Geostatistical Analyst extension for ArcGIS (ESRI, 2016) .
We also sampled the vegetation structure in sampling sites using plots of 20 m radius. In each plot we counted and measured the Diameter at Breast Height (DBH) of every tree with more than 10 cm of DBH. With this data we obtained the total number of trees (NTREES) and the total basal area of trees (BASALAREA) for each plot. In addition, all shrubs with less than 10 cm of DBH were counted in a 5 m radius subplot (UNDERSTORY). We finally estimated the canopy cover in four points at each plot with a forest densiometer and the average value for each plot was obtained (CANOPY).
Characterization of soundscapes and bird communities
On each of the 12 sampling sites, we installed five Song Meter Digital Field Recorder Plus (SM2+; Wildlife Acoustics Inc.) recorders, spaced every 200 m. To determine spacing distance between recorders, a fixed source was placed to reproduce a sound (the recorded song of a bird) and then recordings were made at distances from that source ranging from 100 m to 500 m. Later, these recordings were analyzed auditively and their spectrograms explored to choose the distance between recorders that allowed the independence in the collection of acoustic data. Two omnidirectional microphones were placed on each recorder, so recording was done through two channels, i.e., in stereo. The quality of digital audio was compact disc with a sampling rate or frequency rate of 44.1 kHz and 16 bits resolution. The audio files were recorded in Microsoft Wave format (.wav). Audio files were stored on 64 GB Secure Digital High Capacity memory cards. At each recording site equipment was fixed to trees at a height of approximately 1.50 m. Recorders were programmed to make continuous recordings during peaks of bird activity (4-6 am and 4-6 pm), and during 10 minutes every hour for the remainder of the day; and stayed at each recording site for two consecutive days.
To evaluate acoustic indices as indicators for biodiversity, specifically diversity, abundance and richness of birds, traditional methods of bird point counts were additionally performed. We conducted four periods of bird point counts at each recording site during the morning (6-9 am) and the afternoon (15-17 pm), periods where the maximum bird activity is usually recorded. Each counting period was performed for 6 minutes by the same observer throughout the study. With the bird data we obtained species richness (Bird Richness), mean abundance (Bird Abundance), Shannon diversity (Bird Diversity; Shannon and Weaver, 1964) and evenness (Bird Evenness; Pielou, 1984) for each sampling site.
Recordings were analyzed to obtain a series of acoustic indices:
1) "Acoustic Evenness Index" (AEI) is calculated by dividing the spectrogram into bins (default 10) and taking the proportion of the signals in each bin above a threshold (default −50 dBFS). The AEI is the result of the Gini index applied to these bins (Villanueva-Rivera and Pijanowski, 2018); 2) "ADI" is calculated by dividing the spectrogram into bins (default 10) and taking the proportion of the signals in each bin above a threshold (default −50 dBFS). The ADI is the result of the Shannon index applied to these bins (Villanueva-Rivera and Pijanowski, 2018); 3) "ACI" for each frequency bin over the entire one minute recording, calculates the average absolute fractional change in spectral amplitude from one spectrum to the next; ACI for the entire recording is the average over all frequency bins. The ACI is based on the observation that many biotic sounds, such as bird songs, are characterized by an intrinsic variability of intensities, while some types of human generated noise (such as car passing or airplane transit) exhibit very constant intensity values ; 4) "Bioacoustics Index" (BIO) is calculated as the area under each curve including all frequency bands associated with the dB value that is greater than the minimum dB value for each curve. The area values are thus a function of both the sound level and the number of frequency bands used by the avifauna (Boelman et al., 2007) ; 5) "Normalized Difference Soundscape Index" (NDSI) estimates the level of anthropogenic disturbance on the soundscape by computing the ratio of human-generated (anthrophony) to biological (biophony) acoustic components found in field collected sound samples (Kasten et al., 2012) ; 6) "Total Entropy" (TE) function estimates the total entropy of a time wave. The entropy of a noisy signal will tend towards one whereas the entropy of a pure tone signal will tend towards cero (Sueur et al., 2008a) ; 7) Median Amplitude Envelope (MAE) function computes an acoustic index based on the median of the amplitude envelope (Depraetere et al., 2012) ; and 8) "Number of Peaks" (NP) is built by counting the number of major frequency peaks obtained on a mean spectrum. This index results from the assumption that spectral complexity of a sound can be assessed by the number of frequency bands occupied (Gasc et al., 2013b) . In the case of ACI, ADI, AEI and BIO, filters with a minimum of 2,000 to a maximum frequency of 11,000 kHz were used. The indices were calculated for the first minute of each recording.
For comparison of acoustic indices and bird point counts derived indices, we used the recordings corresponding to the time block used to perform the bird point counts, from 6-9 am and 15-17 pm.
Otherwise, we present mean and standard deviation of acoustics indices, as well as graphic representation of indices for all sampling hours throughout the day.
We reviewed each recording (by listening and exploring frequency plots) for extreme values, either due to climatic conditions, mainly rain or very strong wind, or to other animal explosive vocalization behavior (by frogs or insects). When we verified these extreme conditions, we proceeded to eliminate the corresponding 1 min wav file.
Data analysis
We evaluated the distribution of acoustic indices by using boxplots to compare indices averages by time of the day and sampling site. To visually examine the spatial distribution and spatial patterns of both acoustics and point count derived indices, we created interpolated surfaces from indices for the study area. To further analyze these visual similarities, we created a sample of 60 random points for the study area, and extracted values from all interpolated surfaces for the location of these points. We finally run multiple correlation methods (Spearman correlation) to assess correlation between interpolated surfaces of all indices.
Also, we conducted generalized linear models (GLM; Gamma family and log link) for each acoustic index/bird point count derived index to further investigate influence of vegetation structure/landscape metrics on indices. In this case, we previously evaluated correlation among vegetation and landscape variables and used a reduced subset of non-correlated variables including four vegetation variables (NTREES, BASALAREA, UNDERSTORY and CANOPY) and three landscape metrics (NumP, MPE and MPAR). We ran separate models for each acoustic index and bird point count derived index, and considered a total of 28 models (9 with only vegetation structure variables, 6 with only landscape metrics, and 13 with both variables), and finally compared them with Akaike Information Criteria (AIC). Best model and models with a delta AIC less than 2 are shown. Finally, we compared acoustic indices and bird point count derived indices using multiple correlation methods (Spearman correlation) to evaluate the efficiency of acoustic indices to represent biodiversity of birds in a tropical dry forest. We also used Spearman correlation to evaluate correlation among acoustic indices.
All analyzes and plots were performed using the statistical language R (R Development Core Team, 2017). For calculation of acoustic indices, the following packages for R were used: "Soundecology"
(Villanueva-Rivera and Pijanowski, 2018) and "Seewave" (Sueur et al., 2008a) . We used BiodiversityR (Kindt, 2018) package for R to analyze bird data obtained from point counts. Spatial procedures were conducted using the Geostatistical Analyst extension for ArcGIS (ESRI, 2016) .
RESULTS
Characterization of the study area and bird communities
In general, a trend in the spatial patterns was observed from northern to southern section of the study area. The southern part of the study area presented the lowest diversity and lower equity (or greater dominance) in the abundance of classes of vegetation cover, and represented the most continuous and well preserved forested area, where even the only evergreen patch of the park was found. At the center of the study area we observed greater landscape diversity and greater equity of classes of vegetation cover. This area presented secondary forest patches interspersed with riverine forest patches, although central-east areas exhibited a more advanced successional stage than central-western areas. In general, we also observed in this central area higher number of patches, higher amount of edges, and smaller patches ( Figure 2 ).
A total of 101 bird species were recorded in point counts, corresponding to 14 orders and 32 families (Appendix 1). 80 species are resident, 4 have resident and migratory populations, 2 have resident reproductive and migratory populations, 13 are strictly migratory species and 2 are endemic residents. Tyrannidae was the most representative family with a total of 21 registered species. We also observed a tendency for higher values in indices derived from bird point counts in the morning than the afternoon (Table 1) .
Temporal distribution of acoustics indices
ADI, ACI, BIO, TE acoustic indices presented a similar pattern with a peak between 5 and 6 am. All indices, except ACI, presented an additional peak at 5 pm. Moreover, these indices presented lower values at midday; commonly between 10 am and 3 pm. AEI presented a pattern generally opposed to that of ADI, ACI, BIO and TE, and similar to MAE and NP. NDSI presented the lowest value at noon and the highest value at 5 pm ( Figure 3 ).
Spatial distribution of acoustic and bird point count derived indices
All acoustic indices showed variation across the sampling sites, which could respond, at least in part, to the presence of some extreme values. MAE showed less variation among all acoustic indices (Figure 4) . From the visual examination of interpolated surfaces of acoustic indices and bird point counts derived indices, we observed that ACI, BIO and bird abundance showed a highly similar spatial pattern in the study area. The same was found for NP, bird diversity and bird evenness; NDSI also approximated these three indices. In addition, TE and ADI showed a close spatial pattern. Other spatial similarities can be observed between MAE and AEI ( Figure 5 ). All these visual spatial associations were supported by the correlation analysis (p < 0.05).
Most of the best GLM included vegetation variables (CANOPY and BASALAREA) and one landscape metric (NUMP, Table 2 ). Indices such as AEI, ACI, BIO and Bird Abundance were negatively related to percentage of canopy cover; while NP and Bird Evenness were positively related to percentage of canopy cover. On the other hand, AEI and MAE were positively related to the number of patches, while TE was negatively related to the number of patches. Finally, Bird Richness was negatively related to basal area, while Bird Diversity was positively related to basal area. NDSI presented a different behavior than other indices and was positively related to the number of trees.
Comparison between acoustic indices and bird point count derived indices
ACI was negatively correlated to Bird Diversity and Bird Richness (rho = −0.7412, p = 0.0082, rho = −0.6432, p = 0.0240, respectively), but positively correlated to Bird Abundance (rho = −0.6059, p = 0.0368; Table 2 ). BIO and MAE also were negatively correlated to Bird Diversity (rho = −0.6434, p = 0.0279, rho = −0.5874, p = 0.0488, respectively); however, NP was positively correlated to Bird Diversity (rho = 0.6783, p = 0.0188). Finally, ADI was negatively correlated to Bird Abundance (rho = −0.6444, p = 0.0237), nonetheless AEI was positively correlated to Bird Abundance (rho = 0.6130, p = 0.0341) ( Table 3) .
On the other hand, analyzing the correlation among acoustic indices only, we found three groups of indices with an apparent similar behavior: 1) ADI, TE and NP; 2) AEI, MAE, ACI and BIO; and 3) NDSI. This last index was the least correlated to other indices (Table 4 ). 
Discusion
Acoustic indices such as ADI, ACI, BIO and TE presented a similar temporal pattern with a peak between 5 and 6 am; and an additional peak at 5 pm, except for ACI. These patterns were expected and consistent with the daily rhythms of bird activity. The dawn chorus is generally recognized as an acoustic peak time and has been widely reported in observational studies (Henwood and Fabrick, 1979; Berg et al., 2006) . Other authors have found that acoustic diversity indices are capable of detecting these activity patterns, both in temperate (Depraetere et al., 2012) and in tropical environments (Rodrigues et al., 2014; Trigg, 2015) . Hayes (2016) also found the ACI showed its highest value around 5.30 am in the SRNP. However, this author found lowest values of ADI and TE at 6 pm, while in the present study one of the higher values for both indices was found at 5 pm.
ACI might be representing acoustic patterns related to diurnal birds in the study area, which show an activity peak in the morning. On the other hand, the highest mean values of ADI, BIO and TE at 5 pm might be attributed to other organisms in addition to birds. Rodrigues et al. (2014) mentioned that dawn chorus is a particular time of activity for diurnal birds and other times are dominated by cicadas and amphibians. Furthermore, it has been postulated that the entropy index is affected by sounds that cover a wide spectrum, such as cicadas (Sueur et al., 2008a) , which show peaks of activity in hours of the afternoon Hayes (2016) . Stanley et al. (2016) also found that cicadas produced an inhibitory effect on bird singing activity within the bandwidth of cicada calls; thus, insect noise appears to create a frequency-dependent constraint on the calling activity of birds, which might be overcome by temporal partitioning of acoustic space. In addition, we observed a tendency for higher values of indices derived from bird point counts in the morning compared to the afternoon, which might support this idea. However, other authors have found that ACI strongly responded to cicadas Pieretti et al., 2015) .
On the other hand, the AEI index showed a temporal pattern contrary to that of ADI, BIO and TE. This is expected because of what these indices represent, since the AEI is denoting acoustic evenness, while the other indices represent heterogeneity and entropy, thus representing extremes in the same spectrum. Regarding NDSI, the highest value, i.e., the highest proportion of biophony over antrophony, was found at 5 pm. This is consistent with the lowest intensity of human activity at the park, given that SRNP operates from 8 am to 4 pm.
The results of this study were partially consistent with other studies that compared acoustic data with bird data. Farina et al. (2011) and Pieretti et al. (2011) tested the ACI to infer bird community activity in a temperate forest in Italy and found the ACI index described the complexity of bird soundscapes. Towsey et al. (2014) found that acoustic indices such as Ht, Hs and ACI were useful indicators of bioacoustic activity and species diversity, using field data obtained from shrub areas of the Samford Ecological Research Institute in Australia. Machado et al. (2017) found the ADI was significantly correlated to the number of bird species in the savannas of Central Brazil. However, in a similar study conducted in southern China, Mammides et al. (2017) found that although no index showed a very strong correlation with species richness or diversity, three indices (the acoustic entropy, acoustic diversity and acoustic evenness indices) performed consistently better, showing moderate correlations.
In this study, most indices related to acoustic diversity or entropy behaved as expected, showing a higher diversity or entropy in areas where bird diversity or richness was higher as well. However, bird diversity showed a positive statistical relationship only to the number of peaks. But the very surprising and unexpected find was the positive and significant correlation between ACI and bird abundance derived from point counts, and even more the negative correlation between ACI and bird diversity or bird richness. A similar and unexpected pattern was found between BIO and bird indices, although no significant correlation was found in this case. Our expectations of a higher acoustic diversity, heterogeneity or complexity, and higher bird diversity in older and more preserved forests also were achieved, except for ACI and BIO. For instance, higher values of ACI, BIO, as well as bird abundance, were related to characteristics of younger forests.
ACI and BIO seem to be reflecting efficiently a high biological activity, but might not necessarily be the case of a more diverse or complex bird community in this particular area. Younger forests usually present a high environmental heterogeneity both horizontally and vertically (MacArthur and MacArthur, 1961) , providing a variety of niches for some opportunistic species, or a mixture of species with different life history characteristics. Some authors have stated that forests at earlier stages of succession maintain a greater dynamic of food production than mature forests (Flores and Dezzeo, 2005) , which may gather several guilds of species (Almazán-Núñez et al., 2009 ). This strong acoustic activity might be an indication of an ongoing acoustic competition in a less established bird community. According to the acoustic niche hypothesis, the soundscape is a limited resource where individuals must compete to communicate effectively; resulting in sound niches where the soundscape is spatially and temporally divided (Krause, 1987; Pijanowski et al., 2011) . In addition, younger forests might be dominated by some bird species with a particular intense vocalizing behavior, which subsequently dominate the acoustic spectrum and influence acoustic indices.
Other factors might affect acoustic indices, such as ACI and BIO. For example, there is a strong acoustic activity from other animal groups in tropical forests (mainly insects such as cicadas and crickets, as well as frogs), which play a significant role in the bioacoustic activity. According to Sueur et al. (2014) single species producing a noise like sound, like some cicadas do, might return higher values for certain indices, such as NP, than several species producing pure tone sound; and this bias may also affect other indices. Although we removed all those recordings extremely affected by insects and frogs explosions, it is necessary to acknowledge and account for their common presence in tropical forests.
NP was positively correlated to Bird Diversity and also related to characteristics of older forests (such as a higher percentage of canopy cover and a lower number of patches at the landscape level). NP is built by counting the number of major frequency peaks obtained on a mean spectrum. The index results from the assumption that spectral complexity of a sound can be assessed by the number of frequency bands occupied. It is indeed expected that a sound produced by n + k species should contain more frequency peaks than a sound due to n species only (Gasc et al., 2013b) .
Furthermore, ADI, TE, Bird Diversity and Bird Evenness were also related to characteristics of older forests (higher percentage of canopy cover and lower number of patches at the landscape level). The composition and richness of animal species, as well as temporal and spatial stability, increases as a forest is established (Cook et al., 2005) . On the other hand, a better established forest usually contains a larger evolutionary history, and also has a higher density of woody trees compared to shrubs, which could facilitate the propagation of the sounds by providing a landscape with less attenuating elements (Hayes, 2016) . Although older forests presented a higher basal area of trees than younger forests, they presented half the amount of understory shrubs in the study area, resulting in a noticeable clearer understory. As a result, values of acoustic indices would be expected to increase in more established forest areas, where landscape properties and competition for acoustic niches would lead to a more biodiverse soundscape (Hayes, 2016) . Other authors also postulated that acoustic production of a community or landscape will increase in diversity with different individuals and species vocalizing, so it would be expected that more diverse communities in terms of number of species and individuals, are concurrently more diverse acoustic communities (Sueur et al., 2014) .
NDSI behaved somewhat differently than other indices, because vegetation and landscape variables associated to that index were representative of younger or intermediate forests. In the case of NDSI, other confounding factors might be considered, such as proximity to the main road allowing access to the station at SRNP. For example, site 12 was located on a well preserved and evergreen forest patch in the study area, but also was located next to the main road to access the park, and consequently subjected to a persistent level of anthropophony.
On the other hand, other authors recognized that a single index may not be sufficient to represent all the acoustic energy of a recording (Towsey et al., 2014) . These authors postulate that although it is not possible to propose combinations of indexes applicable to all climates and environments, they recommend using weighted combinations of relevant indexes could provide more robust results than using single indexes. They proposed using a combination of indexes such as Ht, spectral entropy (Hs) and ACI. A variety of methods is most likely needed to thoroughly assess biodiversity on a site; however, given the efficacy of automated recording methods and results of the present study, a combination of indices such as ACI and NP might be considered to monitor long-term trends in abundance and diversity of birds in Costa Rican dry forests.
Conclusions
We conclude that acoustic indices have the potential to be used for monitoring trends in biodiversity in tropical ecosystems, although it might be worthwhile to adapt them to the special conditions in these environments. Acoustic indices have been created and applied mostly in temperate ecosystems, where bioacoustic activity can be referred to bird activity with adequate confidence. However, tropical ecosystems are rather more complex, consequently further investigation is necessary to assess influence of vocalizations from other animal groups, especially insects such as cicadas, on acoustic indices. Automatic procedures might be adapted to remove insect influence from recordings in specific studies. However, they are still part of the soundscape in tropical forests, although an unlikely target from a conservation perspective.
Future research might focus on analyzing the comparative value of combinations of indices to represent bird diversity in a locality. Further research is also needed on field sampling and resampling acoustic data schemes at appropriate minimum times in tropical forests. Given the importance of the vegetation structure in the estimated rates, it is necessary to replicate this study in humid forest types with different vegetation structure and microclimatic conditions, to validate the use of acoustic indices in such environments. Finally, to implement this method in tropical forests, appropriate and specific protocols must be designed for specific environmental conditions (for example forest type and climatic characteristics). Rigorous monitoring will allow comparisons of data in long-term studies focused on analyzing spatial-temporal trends in soundscapes related to changes in land use and climate. Furthermore, the general sampling of the soundscape could be complemented with specific studies on some species through the aid of the automated detection. For example, investigations on climate change effects, recordings and automated species detection can provides us with information on changes in species distribution, disappearance or appearance of species at different altitudinal or latitudinal ranges, which can be further complemented with a deeper analysis of vocalizing behavior in different environmental conditions or ranges.
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